Bacterial biofilms are sessile microbial communities attached to a surface by polysaccharides, proteins, and nucleic acids. Biofilms are ubiquitous in natural, medical, and engineering environments. Due to their increased resistance to antimicrobial treatment, biofilms formed by pathogenic bacteria pose serious problems to human health, such as cystic fibrosis, prostatitis, and periodontitis (7) . In contrast, some commensal bacteria are crucial for nutrient assimilation and beneficial to the human immune system (16) .
While most antibiotics that primarily aim to inhibit cell growth may result in bacterial drug resistance, biofilm inhibitors do not affect cell growth and there is less of a chance of resistance development (15, 27) . Since biofilms play an important role in bacterial pathogenesis and drug resistance, biofilm inhibitors will help combat infectious diseases. Several nontoxic biofilm inhibitors effective against pathogenic bacteria have been found recently: for example, bacterium-origin compounds (D-amino acids [20] , cis-2-decenoic acid [8] , and indole derivatives [25] ) and plant-origin compounds (furanones [15, 33] , ursolic acid [34] , corosolic acid and asiatic acid [12] , and plant auxin 3-indolylacetonitrile [23] ).
As antimicrobial compounds often eradicate intestinal commensal bacteria as well as pathogenic bacteria (16) , potent biofilm inhibitors may unwantedly remove beneficial commensal biofilms. Hence, it is important to develop therapeutic strategies that can control the growth of pathogenic biofilms while leaving the beneficial biofilm intact (21) .
Many flavonoids that are ubiquitous in the plant kingdom are biologically active in combating diseases due to their diverse beneficial roles in humans. Among numerous flavonoids, phloretin is a dihydrochalcone, a type of polyphenol mainly found in apples (about 5 mg/100 g of fresh apple) and strawberries. Phloretin has various biological functions, such as antioxidative (36) , anticarcinogenic (50) , and estrogenic (6) activities and inhibition of cardiovascular disease (10, 41) . Recently, several other flavonoids showed the ability to inhibit the biofilm formation of Streptococcus mutans (22) , Aeromonas hydrophila (18) , and Escherichia coli O157:H7 (48) . Additionally, a transcriptome analysis demonstrated that apple polyphenols, including phloretin, possessed anti-inflammatory effects against inflammatory bowel diseases (IBDs) in vitro (17) .
IBD is a chronic inflammatory disorder of the gastrointestinal tract. The etiology of IBD includes multiple factors, such as genetic, immunologic, and environmental factors (11) . It is generally accepted that commensal and pathogenic bacteria, particularly invasive bacteria, provide the constant antigenic stimulation that continuously activates pathogenic T cells to cause IBD (39, 40) . Hence, it has long been suggested that both protecting the epithelial barrier from invasive bacteria and fortifying the mucosal immune system are useful in treating IBD (16, 39) .
In this study, nine flavonoids were initially screened for nontoxic biofilm inhibitors against enterohemorrhagic E. coli O157:H7, and the effect of phloretin, one of the most effective inhibitors among the compounds tested, was further investigated with five commensal E. coli strains. In order to understand the molecular basis of the biofilm inhibition of phloretin, transcriptome analysis and electron microscopy were utilized. We also investigated the adhesion of E. coli O157:H7 cells or inflammatory cells to HT-29 human colonic epithelial cells, as this adhesion is an initial step in colon inflammation. Moreover, the rat model of colitis induced by trinitrobenzene sulfonic acid (TNBS), which is a well-established model for IBD (45) , was used to study the anti-inflammatory effect of phloretin in vivo.
MATERIALS AND METHODS
Bacterial strains, materials, and growth rate measurements. Enterohemorrhagic E. coli serotype O157:H7 (ATCC 43895, EDL933 strain [42] ), four commensal E. coli K-12 strains, strains MG1655 (3), BW25113 (1), TG1 (38) , and DH5␣, and nonpathogenic E. coli ATCC 4157 were used. Luria-Bertani (LB) medium (38) 4 , p-dimethylamino-benzaldehyde, crystal violet, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, sodium pyruvate, 2,7-bis(2-carboxyethyl)-5 (6)-carboxyfluorescein acetoxymethyl ester (BCECF/AM), 5-aminosalicylic acid (5-ASA), and TNBS were purchased from Sigma-Aldrich Co. (St. Louis, MO). All flavonoids and vitamins were dissolved in dimethyl sulfoxide (DMSO). Ethanol and DMSO were purchased from Duksan Pure Chemical Co. (Ansan, South Korea). Each bacterial strain was initially streaked from Ϫ80°C glycerol stocks onto LB medium plates, and a fresh single colony was inoculated into LB medium (25 ml) in 250-ml flasks and routinely cultured at 250 rpm and 37°C unless otherwise indicated. Overnight cultures were diluted 1:100 using LB medium. For cell growth measurements, the optical density was measured at 600 nm (OD 600 ) with a spectrophotometer (UV-160; Shimadzu, Japan). The specific growth rates were determined by measuring the OD 600 and calculated using the linear portion of the natural logarithm of OD 600 versus time.
Crystal violet biofilm assay. A static biofilm formation assay was performed in 96-well polystyrene plates (Fisher Scientific) as previously reported (31) . Briefly, overnight cultures were diluted to an OD 600 of 0.05 in LB medium (300 l) containing phloretin or other compounds at 0, 5, 10, 25, 50, and 100 g/ml and incubated for 10 h without shaking at 37°C. After the cell density was measured (turbidity at 620 nm), the plates were washed three times with water to remove all planktonic cells, and then crystal violet (0.1% [vol/vol], 300 l) was added to each well. After 20 min at room temperature, the microplate was emptied and washed three times with water. Next, ethanol (95%, 300 l) was added to resolve the stained biofilm cells. Total biofilm cells (absorbance at 570 nm) were measured. Total biofilm (OD 570 ) was normalized with cell growth (OD 620 ).
Total RNA isolation. For transcriptomic analyses, E. coli O157:H7 and E. coli K-12 BW25113 were inoculated in 250 ml of LB medium at 37°C in 1-liter shake flasks with overnight cultures (1:100 dilution). To form biofilms, 10 g of glass wool (Corning Glass Works, Corning, NY) was used (26) and cells were cultured for 7 h with shaking at 100 rpm. Phloretin (50 g/ml) or DMSO alone was added at the beginning of culture. Glass wool was used to increase the surface area so that enough RNA for the DNA microarrays could be readily obtained. Before samples were taken, RNase inhibitor (RNAlater; Ambion, TX) was added and biofilm cells were immediately chilled for 30 s with dry ice and 95% ethanol (to prevent RNA degradation) before centrifugation at 13,000 ϫ g for 2 min. The cell pellets were immediately frozen with dry ice and stored at Ϫ80°C. Total RNA was isolated using a Qiagen RNeasy minikit (Valencia, CA). To remove all DNA, the purified RNA was treated for 15 min with 30 units of DNase I. RNA quality was assessed using an Agilent 2100 bioanalyzer and an RNA 6000 nanochip (Agilent Technologies, Amstelveen, The Netherlands), and the quantity was determined using an ND-1000 spectrophotometer (NanoDrop Technologies, Inc., DE).
DNA microarray analysis. The E. coli GeneChip Genome (version 2.0) array (P/N 900551; Affymetrix, Santa Clara, CA) was used to study the differential gene expression of the E. coli O157:H7 cells after the treatment with phloretin. DNA microarray analysis with one biological replicate was performed with an Affymetrix system as previously reported (23) .
qRT-PCR. To corroborate the DNA microarray data, quantitative real-time reverse transcription-PCR (qRT-PCR) was used to investigate the levels of transcription of csgA, csgB, stx 2a , lsrA, lsrB, hlyE, and mtr in E. coli O157:H7 and E. coli K-12 BW25113 with and without phloretin treatment. Two independent RNA samples tested using identical DNA microarray conditions were used for these studies. Gene-specific primers were used for these genes, and the rrsG housekeeping gene was used as a control ( Table 1 ). The expression level of the rrsG housekeeping gene was used to normalize the data on the expression of the genes of interest. The qRT-PCR method was adapted from a previous study (26) . qRT-PCR was performed using a SYBR green master mix (Applied Biosystems, Foster City, CA) and an ABI StepOne real-time PCR system (Applied Biosystems) with two independent cultures. Fimbria analysis using SEM. To examine fimbria production, scanning electron microscopy (SEM) following our previous protocol was used (23) . Briefly, E. coli O157:H7 cells were grown on a nylon filter (0.5 by 0.5 mm square) to form biofilm cells. The initial turbidity was 0.05 at 600 nm with 300 l of cells. The cells and the nylon filter were incubated together to form biofilm cells at 37°C for 24 h without shaking. After E. coli O157:H7 cells were cultured with and without phloretin (50 g/ml), 2.5% glutaraldehyde and 2% formaldehyde were added to prefix the cells and the cells were incubated overnight at 4°C. The specimens were examined using an S-4100 SEM (Hitachi, Japan) at a voltage of 15 kV and magnifications ranging from ϫ2,000 to ϫ25,000.
Human cell line culture. The HT-29 human colon cancer cell line and U937 human leukemia cell line were purchased from the American Type Culture Collection (ATCC; Manassas, VA), and the cells were grown in RPMI 1640 medium (Invitrogen Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS), 100 U/ml, penicillin, 100 g/ml streptomycin, 1 mM sodium pyruvate, and 2 mM glutamine. The culture medium was replaced every other day.
Assay of monocyte or E. coli strain adhesion to human colonic epithelial cells. The adhesion of monocytes or E. coli strains to colonic epithelial cells was evaluated using a coculture system in which HT-29 colonic epithelial cells were cocultured with either U937 monocytic cells or E. coli strains as previously described (19) . U937 cells were prelabeled with BCECF/AM (10 g/ml) for 1 h at 37°C. The cells were cocultured in the presence or absence of tumor necrosis factor alpha (TNF-␣) for 3 h at 37°C. For the bacterial adhesion assay, both E. coli O157:H7/pCM18 cells and E. coli K-12 BW25113/pCM18 cells were grown for 16 h at 37°C in LB medium supplemented with 300 g/ml of erythromycin to maintain plasmid pCM18, encoding green fluorescent protein (14) . E. coli cells were harvested by centrifugation at 13,000 rpm for 5 min at 4°C, washed once with phosphate-buffered saline (PBS), and resuspended in PBS. In the case of the phloretin experiments, HT-29 cells were pretreated with phloretin (200 M, corresponding to 54.8 g/ml) prior to TNF-␣ or E. coli exposure. Then, the HT-29 cells were washed twice with the PBS to remove nonadhering cells. Cells representative of each group were taken and imaged by fluorescence microscopy with a fluorescence microscope connected to a digital camera (TE2000-U; Nikon, Japan). To quantify green fluorescence in the coculture of HT-29 cells with either U937 monocytic cells or E. coli O157:H7/pCM18, the mixtures were lysed with 0.1% Triton X-100 in 0.1 M Tris, and the BCECF/AM fluorescence was analyzed using a Fluostar Optima microplate reader (BMG Labtech GmbH, Offenburg, Germany) with excitation at 485 nm and emission at 520 nm. In the quantification of E. coli O157:H7/pCM18 adhesion to HT-29 cells, a negativecontrol group that contained E. coli O157:H7/pCM18 only was set, and the amount of fluorescence produced by this sample was subtracted from that produced by the other experimental groups. In a separate experiment, the number of E. coli O157:H7/pCM18 cells attached to HT-29 cells was counted by two observers in a double-blind manner and analyzed with an image analysis system (ImageInside, version 2.32).
Model of TNBS-induced rat colitis. The method used to establish the model of TNBS-induced rat colitis was adapted from that described previously (46) . Sprague-Dawley rats (age, 7 to 8 weeks) were purchased from Samtaco bio Korea (Osan, South Korea). Rats were fasted for 24 h prior to TNBS injection. Then, they were lightly anesthetized using diethyl ether. Using a polyethylene catheter fitted onto a 1-ml syringe, rats were slowly injected with 0.8 ml of 5% TNBS in 50% (vol/vol) ethanol into the lumen of the colon (8 cm proximal to the anus through the rectum), and they were kept in a vertical position for 60 s before being returned to their cages. Rats in the control group were handled similarly, but 50% (vol/vol) ethanol alone was administered instead. To investigate the effect of phloretin, rats were administered phloretin (20 mg/kg of body weight/day) via the oral route for 5 days after TNBS administration. As a positive control, 5-ASA (at 100 mg/kg/day), an active metabolite of sulfasalazine, which is a drug commonly used for treatment of IBD, was used. All rats were killed on day 7 after the TNBS administration. The macroscopic ulceration and severity of colitis were evaluated by two independent investigators who were blind to the treatment. The colon tissues from 5 to 7 cm proximal to the rectum were cut out and used for myeloperoxidase (MPO) activity measurements. Animal experiments were performed according to the institutional guidelines for the care and use of laboratory animals of the National Institutes of Health, Yeungnam University.
MPO activity for tissue neutrophil infiltration. The method used to determine MPO activity for tissue neutrophil infiltration was adapted from a method described previously (46) . MPO activity serves as a marker for leukocyte infiltration into tissues. For the measurement of MPO activity, we used an MPO assay kit (ASA-001; Cytostore, Canada). A segment of colon 1 cm in length was dissected, washed in cold PBS (pH 7.4), weighed, suspended in ice-cold sample buffer (0.5 ml/50 mg of tissue), and homogenized for 30 s using a tissue homogenizer at 4°C (Biospec Products Inc., Switzerland). The homogenate was mixed with an additional sample buffer to give a final concentration of 50 mg/ml and centrifuged twice at 10,000 rpm for 5 min. Each 20 l of sample solution was mixed with 200 l of development reagent (12.5 l of H 2 O 2 containing chromogen powder in 2.5 ml phosphate buffer), and then the level of MPO activity in the tissue was detected by measuring the absorbance at 450 nm immediately after the solution was mixed and at 1-min intervals using a spectrophotometer (Versa MAX; Molecular Devices, CA). One unit of MPO activity was defined by Bradley et al. (5) to be the activity required for converting 1 M H 2 O 2 at 25°C for 7 min and expressed as units/g of tissue.
Microarray data accession number. The full microarray data are available in the Gene Expression Omnibus database under accession number GSE28144.
RESULTS
Phloretin inhibits E. coli O157:H7 biofilm formation without inhibiting the growth of planktonic cells. Nine flavonoids were screened for their ability to inhibit the biofilm formation of E. coli O157:H7 in LB medium in polystyrene 96-well plates. While most flavonoids showed inhibitory effects on E. coli O157:H7 biofilm formation, two well-known antioxidant compounds (vitamin C and vitamin E) did not affect E. coli O157:H7 biofilm formation (Fig. 1) . This result indicated that biofilm reduction by flavonoids was due to their antibiofilm activity and not due to their antioxidant activity alone. Among nine flavonoids, phloretin led to the most significant reduction in E. coli O157:H7 biofilm formation in a dose-dependent manner (Fig. 1A and B) . Specifically, 25 and 50 g/ml of phloretin reduced E. coli O157:H7 biofilm formation by 89% and 93%, respectively (Fig. 1B) .
A potential biofilm inhibitor is preferred not to have toxicity that may lead to bacterial drug resistance (32) . Thus, the toxicity of phloretin was investigated by measuring the specific rate of growth of planktonic E. coli O157:H7 cells. The growth rates with and without phloretin were almost identical: 1.32 Ϯ 0.01/h in the absence of phloretin and 1.31 Ϯ 0.03/h with 50 g/ml of phloretin. Therefore, a dosage of 50 g/ml of phloretin was not toxic to planktonic cells of E. coli O157:H7 and was seen to reduce its biofilm formation.
Phloretin does not harm commensal E. coli K-12 biofilm formation. It is important to develop therapeutic compounds that reduce pathogenic biofilms while leaving the beneficial commensal biofilm unharmed (21) . Thus, the effect of phloretin was also investigated with five commensal E. coli strains: MG1655, TG1, BW25113, DH5␣, and ATCC 4157. Interestingly, there was no inhibitory effect by phloretin on biofilm formation in four E. coli K-12 strains and a nonpathogenic E. coli strain (Fig. 2) . In the case of E. coli K-12 BW25113 and 
Differential gene expression of E. coli O157:H7 cells with phloretin.
To investigate the molecular mechanism of biofilm reduction by phloretin, DNA microarrays were used to determine differential gene expression for E. coli O157:H7 biofilm cells with and without phloretin. It was found that 156 genes were significantly regulated (more than 2.5-fold); 70 genes were repressed and 86 genes were induced by phloretin (see Tables S1 and S2 in the supplemental material). Most noticeably, two toxin genes (hemolysin hlyE and Shiga toxin 2 stx 2 ), autoinducer-2 (AI-2) importer genes (lsrACDBF), and dozens of prophage genes were the most repressed (2.5-to 3.8-fold), while purin metabolism-related genes, transport-related genes, and stress-related genes were the most induced (2.5-to 4.7-fold) (see Tables S1 and S2 in the supplemental material).
qRT-PCR was used to corroborate the DNA microarray data. Using independent cultures from a DNA microarray sample, qRT-PCR showed differential changes in expression comparable to those shown by the DNA microarray data for E. coli O157:H7 biofilm cells with and without phloretin treatment, as phloretin clearly repressed two toxin genes (stx 2 and hlyE), two autoinducer-2 importer genes (lsrA and lsrB), an indole importer gene (mtr), and a curlin major subunit (csgA) and a curlin minor subunit (csgB) (Fig. 3A) .
Divergent gene expression of E. coli K-12 BW25113 cells with phloretin. Since phloretin inhibited E. coli O157:H7 biofilm formation while it enhanced E. coli K-12 BW25113 biofilm formation ( Fig. 1 and 2 ), qRT-PCR was also used to investigate the gene expression of E. coli K-12 BW25113 biofilm cells. Interestingly, the genes that were repressed in E. coli O157:H7 biofilm cells (hlyE, lsrA, lsrB, csgA, and csgB) were highly induced in E. coli K-12 BW25113 biofilm cells (Fig. 3B) , while stx 2 (Shiga toxin 2 gene) was absent in the E. coli K-12 strain and the expression of the mtr gene was repressed in both strains. The results suggest the importance of the expression of the hlyE, lsrA, lsrB, csgA, and csgB genes in controlling the biofilm formation of E. coli O157:H7 and E. coli K-12 BW25113.
Phloretin reduced fimbria formation in E. coli O157:H7. Since fimbriae, including curli and pili, are important factors for E. coli O157:H7 biofilm formation (35, 37, 47) and since phloretin repressed the expression of the curli genes csgA and csgB in E. coli O157:H7 biofilm cells (Fig. 3A) , fimbria production was investigated with SEM. Corroborating the transcriptome analysis, phloretin significantly decreased the fimbria production of E. coli O157:H7 (Fig. 4) . Therefore, it appeared that the biofilm inhibition by phloretin was partially caused by the reduction of fimbriae.
Phloretin inhibits E. coli O157:H7 adhesion to HT-29 human colonic epithelial cells. As phloretin was seen to reduce E. coli O157:H7 biofilm formation on abiotic surfaces (Fig. 1) , we evaluated the ability of E. coli O157:H7 to adhere to epithelial cells, an initial step that leads to infection and virulence. As expected, more E. coli O157:H7 cells than commensal E. coli K-12 BW25113 cells were attached to HT-29 human colonic epithelial cells, indicating that E. coli O157:H7 was more adhesive than E. coli K-12 BW25113 cells (Fig. 5A ). This result is consistent with the result of biofilm formation for both the E. coli O157:H7 and E. coli K-12 BW25113 strains in 96-well plates ( Fig. 1 and 2) . More importantly, the treatment with phloretin (200 M, corresponding to 54.8 g/ml) apparently reduced the attachment of E. coli O157:H7 cells to HT-29 epithelial cells, while phloretin did not influence the attachment of E. coli K-12 BW25113 cells (Fig. 5A) . A quantitative analysis of green fluorescence from E. coli O157:H7 cells also clearly indicated the ability of phloretin to inhibit O157:H7 adhesion in HT-29 epithelial cells (Fig. 5B) . Similarly, the number of E. coli O157:H7 cells attached to HT-29 epithelial cells was significantly decreased by phloretin treatment (Fig. 5C) . Therefore, phloretin reduced the biofilm formation of E. coli O157:H7 cells on human colonic epithelial cells (Fig. 5) as well as on abiotic surfaces (Fig. 1) .
Phloretin inhibits TNF-␣-induced monocyte adhesion to HT-29 human colonic epithelial cells. Since a previous transcriptome analysis showed that phloretin inhibited proinflammatory gene expression in vitro (17) , we examined the ability of phloretin to prevent intestinal inflammation by using an in vitro model of colitis. Since TNF-␣ is one of the major inflammatory cytokines involved in IBD, TNF-␣-induced adhesion of monocytes to HT-29 human colonic epithelial cells represents an in vitro model of intestinal inflammation (46) . While TNF-␣ induced U937 premonocytic cell adhesion to HT-29 cells, as expected, phloretin significantly inhibited TNF-␣-induced U937 premonocytic cell adhesion to HT-29 cells (Fig. 6A and  B) . This result supported well the potential of phloretin as an anti-inflammatory agent in IBD.
Anti-inflammatory effect of phloretin on TNBS-induced rat colitis. In order to demonstrate the efficacy of phloretin as an anti-inflammatory agent, the TNBS-induced rat colitis model (45) was also used. As expected, TNBS as a control prohibited body weight increase, in contrast to the weight gain in the vehicle-treated control group (Fig. 7A) . The TNBS-treated rats developed significant signs of colitis, such as bloody diarrhea and wasting conditions, revealed by remarkable changes in body weight (Fig. 7A and B) . The weight of colon tissue (1 cm near the TNBS injection site) was significantly increased by TNBS (Fig. 7C) , whereas the colon length distal to the cecum was shortened by TNBS (Fig. 7B) . Most importantly, the rats administered phloretin (20 mg/kg/day) recovered their body and colon weights as significantly as those administered a commonly used drug, 5-ASA (100 mg/kg/day), did ( Fig. 7A and C) . We also measured the colonic MPO activity, which serves as a marker for tissue neutrophil infiltration. The MPO activity was highly elevated in the TNBS-treated colon, and this increase in MPO activity was significantly suppressed by phloretin treatment almost to the level of the vehicle-treated control group (Fig. 7D) . It is noteworthy that the effect of phloretin (20 mg/kg/day) was more prominent than that of the conventional IBD drug 5-ASA (100 mg/kg/day) in every aspect of the inflammatory response: body weight, colon weight, and MPO activity. These results suggest that phloretin can be a potent therapeutic agent for IBD.
DISCUSSION
The intestinal tract is colonized by approximately 10 13 to 10 14 commensal bacteria consisting of thousands of species, including E. coli (13) . E. coli O157:H7 is a common human pathogen responsible for outbreaks of hemorrhagic colitis causing bloody diarrhea that can lead to life-threatening hemolytic-uremic syndrome (4). The hallmark of E. coli O157:H7 infection is attaching and effacing, and the first step of infection involves adhesion of bacteria to host cells and the formation of microcolonies (30) . However, to date, no effective therapy has been found. Antibiotics, antimotility agents, narcotics, and nonsteroidal anti-inflammatory drugs are not usually provided, as they increase the risk of developing hemolytic-uremic syndrome, a major cause of acute renal failure (44) .
Flavonoids are a diverse group of plant natural products which play important roles in plant growth and in plant defense against microorganisms and pests. It has recently been reported that several flavonoids, such as naringenin, kaempferol, quercetin, and apigenin, suppressed autoinducer-2 activity in Vibrio harveyi, and these flavonoids also reduced biofilm formation in V. harveyi and E. coli O157:H7 (48) . In this study, we investigated different kinds of flavonoids for their ability to control biofilms of E. coli O157:H7 as well as five commensal E. coli strains and found that phloretin specifically reduced E. coli O157:H7 biofilm formation. DNA microarray and qRT-PCR studies showed that phloretin suppressed autoinducer-2 importer genes (lsrACDBF) of E. coli O157:H7 biofilm cells. This result supported the previous finding (48) that flavonoids could interfere with bacterial quorum-sensing (AI-2) signaling and reduced E. coli O157:H7 biofilm formation. In addition to AI-2 signaling, recent advances in elucidating the diverse molecular mechanisms underlying E. coli biofilm formation have been made (2, 49) , for example, mechanisms involving fimbriae (curli and pili), adhesion proteins, cyclic di-GMP, indole, and even phage genes. In particular, curli possess characteristics of amyloid fibers and tend to link bacterial cells, and curli are considered to be an important factor for E. coli O157:H7 biofilm formation and also considered a virulence attribute (35, 37, 47) . In this study, phloretin reduced the expression of the curli genes (csgA and csgB) (Fig. 3 ) and fimbria production (Fig. 4) . Also, we previously reported that plant auxin 3-indolylacetonitrile inhibited E. coli O157:H7 biofilm formation by reducing fimbria formation (23) . Therefore, this study also supports the idea that the inhibition of fimbria formation could be a practical way to decrease the biofilm formation of E. coli O157:H7. Since E. coli O157:H7 contains at least 16 putative fimbrial operons, including the csgBAC curli operon and several pilus operons (28) , and since curli and pili have similar structures of fibers that influence bacterial adhesion in epithelial cells (35) , a further experiment is required to clearly characterize if the fibers in SEM images (Fig.  4) are curli or pili. Additional qRT-PCR results for two E. coli strains (Fig. 3 ) again support the mechanism in which AI-2 signal transport and fimbria production are important in the action of phloretin since phloretin treatment resulted in divergent biofilm formation ( Fig. 1 and 2 ) and divergent expression of biofilm-controlling genes between E. coli O157:H7 biofilm cells and E. coli K-12 BW25113 biofilm cells (Fig. 3) . However, it is still unclear which protein(s), such as a phloretin-binding protein(s) or a phloretin-sensing protein(s), is directly involved in the action of phloretin in E. coli; this should be studied further.
Although another extracellular signal, indole, inhibited E. coli O157:H7 biofilm formation (24, 25) , the addition of phloretin did not change the accumulation of extracellular indole in either E. coli O157:H7 or E. coli K-12 BW25113 (data not shown), and phloretin repressed the indole importer gene (mtr) in both E. coli O157:H7 and E. coli K-12 BW25113. Therefore, it appeared that the indole signal may not be involved in the action of phloretin for control of E. coli biofilms.
DNA microarray data (see Table S1 in the supplemental material) and qRT-PCR data (Fig. 3) showed that phloretin repressed the expression of the genes for the toxins hemolysin (hlyE) and Shiga toxin 2 (stx 2 ). The results indicate that phloretin may alleviate the virulence of E. coli O157:H7. In contrast, phloretin induced several stress resistance genes, such as marRAB and hcsBA. Thus, it is possible that phloretin could positively influence antibiotic resistance, which should be investigated further. Growing evidence regarding the role of the intestinal microflora in IBD exists (39) . Although all commensal bacteria are probably not responsible for IBD, it has been demonstrated that patients with IBD have high concentrations of mucosal bacteria and that the concentrations increase progressively with the severity of IBD (43) . In particular, enteroaggregative E. coli (EAEC) colonization can occur in the mucosa of both the small and large bowels, which can lead to inflammation in the colon (29, 30) , and the several fimbriae are involved in EAEC adherence to the surface of HEp-2 cells (9). However, there is not yet a clear relationship between E. coli O157:H7 biofilm formation and IBD. This study found for the first time that apple phloretin reduced the biofilm formation of E. coli O157:H7, partially via fimbria production, and also reduced bacterial adhesion to colonic epithelial cells (Fig. 5) , while phloretin did not reduce commensal E. coli biofilms or adherence to epithelial cells ( Fig. 2 and 5) . Moreover, the previous anti-inflammatory effect of phloretin (17) has been confirmed in the TNBS-induced rat colitis model (Fig. 7) . Therefore, it will be interesting to further investigate the effects of phloretin on IBD-associated E. coli strains such as EAEC. Although this study investigated the effects of phloretin with five commensal E. coli strains and one E. coli O157:H7 strain, more independent isolates of both pathogenic and commensal E. coli strains should be further investigated to understand the reciprocal impact of phloretin on E. coli biofilm formation.
Phloretin is part of the human daily diet, since it is abundantly found in apples and strawberries. Phloretin accounts in part for the antioxidant capacity of apples, and phloretin has also been revealed to have anticarcinogenic activities (50) and in vitro anti-inflammatory activity on colon epithelial cells (17) and on vein endothelial cells (41) . In a previous study, it was shown that phloretin downregulated the mRNA levels of most tested proinflammatory genes (NF-B, TNF-␣, interleukin-8, CXCL3, CXCL10, signal transducer and activator of transcription 1, and interferon gamma-induced protein 10) in human colon epithelial cells in vitro (17) .
This study demonstrated for the first time that phloretin, a natural flavonoid, is a nontoxic inhibitor of enterohemorrhagic E. coli O157:H7 biofilms but does not harm commensal E. coli K-12 biofilms. Also, importantly, our results confirmed that phloretin shows anti-inflammatory properties in both the in vitro and in vivo inflammatory colitis models. The effect of phloretin was noticeably more pronounced than that of the conventional IBD drug 5-ASA. Taken together, our results show that there exists a triple biological activity of phloretin that may make it useful as a lead compound for biofilm inhibitors of E. coli O157:H7 as well as an antioxidant compound and may have beneficial effects on IBD.
